The economically important Chrysanthemum stunt viroid (CSVd) and Chrysanthemum chlorotic mottle viroid (CChMVd) were detected from infected chrysanthemum (Dendranthema grandiflorum) plants by a multiplex reverse transcription-polymerase chain reaction (RT-PCR) assay developed in this investigation. The antisense hexamer AAAGGA (5'-3') was designed. The antisense hexamer 5'AAAGGA 3' annealing at 5'TCCTTT3' is located at nucleotide positions 186-191 and 245-250 of CSVd (gb: AB006737), and 231-236 of CChMVd in their sequences. Using CSVd-and CChMVd-cDNA templates which were transcribed simultaneously by the hexamer, the following multiplex PCR could detect both viroids from doubly-infected plants without nonspecific amplification. When the hexamer was used for the RT reaction, the sensitivity of detection of CSVd or CChMVd by multiplex RT-PCR was similar to that of standard RT-PCR when each viroid was detected separately. Furthermore, multiplex RT-PCR successfully detected both CSVd and CChMVd in direct templates obtained by inserting a syringe needle into the stem, leaf, and shoot tips of infected chrysanthemum plants. The direct multiplex RT-PCR method developed in this study may reduce the cost, time, and labor required for the production of viroid-free chrysanthemum plants.
Introduction
Viroids are small RNA pathogens of 246-401 nucleotides that cause infectious diseases in various crops. These pathogens are circular, single-stranded RNAs without any apparent coding capacity that are classified according to their features into two families: Pospiviroidae and Avsunviroidae (Flores et al., 2000) . Two different viroids, namely, Chrysanthemum stunt viroid (CSVd) and Chrysanthemum chlorotic mottle viroid (CChMVd), are reported to infect chrysanthemum (Dendranthema grandiflorum) plants (Hadidi and Candresse, 2003) . CSVd belongs to Pospiviroidae, whose members possess a thermostable rod-like structure with a central conserved region (CCR) and cannot self-cleave (Steger and Riesner, 2003) . Many viroids that belong to Pospiviroidae replicate in the nucleus (Flores et al., 2003) . The young leaves of CSVd-infected chrysanthemum plants become light green and the plant height decreases (stunting). The leaves and flowers of infected plants become small and rooting ability decreases.
CChMVd is another economically important viroid that belongs to Avsunviroidae and infects chrysanthemum plants. Members of this family do not possess a CCR and can self-cleave via a hammerhead ribozyme (Steger and Riesner, 2003) . Viroids belonging to this group are thought to replicate in the chloroplast of cells (Flores et al., 2003) . The disease symptoms caused by CChMVd include an initial mild mottling of young leaves followed by a general chlorosis of new leaves (Dimock et al., 1971) , and CChMVd sometimes delays growth. After the first description of the disease caused by CChMVd in the USA, similar disease symptoms in chrysanthemum have been reported in Denmark, France, and India (Horst, 1987) , and also recently in Japan (Yamamoto and Sano, 2005; Hosokawa et al., 2005) .
Highly sensitive detection methods such as the reverse transcription-polymerase chain reaction (RT-PCR) have been recently developed for the diagnosis of viroid diseases of chrysanthemum plants (Hadidi and Candresse, 2003) , and the methods of extraction and purification of viroid RNA for RT-PCR templates have also been developed. However in the case of chrysanthemum plants, the preparation of RT-PCR templates requires laborious steps for eliminating polyphenol and polysaccharide (Hadidi and Candresse, 2003; Pandey et al., 1996; Staub et al., 1995) . In plant science, some methods for template preparation without tissue grinding have been established (Berthomieu and Meyer, 1991; Jhingan, 1992; Nakahara et al., 1999; Rogers and Parkes, 1999; Singh, 1999) . Recently, Hosokawa et al. (2006) have established a direct PCR method for chrysanthemum viroids without the need for laborious template preparation.
The multiplex PCR or RT-PCR method has been established for the simultaneous detection of several viruses (Bariana et al., 1994; Jacobi et al., 1998; Singh et al., 1996) and viroids (Di Serio et al., 2002; Ito et al., 2002; Levy et al., 1992; Nie and Singh, 2001; Shamloul et al., 2002) . The multiplex PCR method reduces the time and cost required for template preparation for virus-or viroidfree plant screening.
In this study, we describe the establishment of a new easy multiplex RT-PCR system for the simultaneous detection of CSVd and CChMVd from chrysanthemum plants in combination with the direct PCR method reported previously (Hosokawa et al., 2006) .
Materials and Methods

CSVd and CChMVd infected plants, and RNA preparation
CSVd and CChMVd-infected chrysanthemum 'Piato' plants were screened among in vitro-cultured plants using RT-PCR methods and used for this experiment. For the establishment of the multiplex RT-PCR method, the total RNA of a plant infected with both CSVd and CChMVd was extracted using RNeasy plant mini kit (Qiagen, USA) and the titer of total RNA was adjusted to 300 mg·L −1 using a spectrophotometer. For the comparison of the sensitivity of multiplex RT-PCR with that of standard RT-PCR, the template (300 mg·L −1 ) was diluted with RNase free water for the preparation of a different-titer series of RNAs.
Single-or double-viroid-infected or viroid-free plants were used for the multiplex direct RT-PCR. The viroidinfected and uninfected viroid-free materials were screened by RT-PCR and nested PCR according to Hosokawa et al. (2004) . The tested plants determined to contain the viroids by RT-PCR were classified as highviroid-titer-infected plants, and those determined to contain the viroids only by nested PCR were classified as low-viroid-titer-infected plants. The plants from which no viroids were detected by both of the methods were classified as viroid-free plants.
Primer design
The primers used for multiplex RT-PCR are shown in Table 1 . The primers for simultaneous RT reaction for both viroids were designed from the complement sequence regions of CSVd (gb: AB006737) and CChMVd (Hosokawa et al., 2005) . The antisense hexamer 5'AAAGGA3' and inosine-containing antisense 10 mer primer 5'AAAGGAIIGG3' were designed. The antisense hexamer AAAGGA annealing at 5'TCCTTT3' is located at nucleotide positions 186-191 and 245-250 of CSVd (gb: AB006737), and 231-236 of CChMVd in their sequences. And for the determination of the suitable quantity of hexamer for RT reaction, two concentrations of 1 µM and 2 µM were compared.
Direct template preparation for multiplex RT-PCR
A syringe needle (25 G × 1'') (Terumo, Tokyo, Japan) was used for the RNA template preparations. The syringe needle was used to obtain samples at depths of 0.1-0.2 mm under a stereoscopic microscope. The pierced tissues in the viroid-infected or uninfected plants were third expanded leaves, stems just below the third leaves, or shoot tips. The template that adhered to the syringe needle was mixed with the RT reaction mixture by dipping the syringe needle into the mixture mentioned below.
Reverse transcription-polymerase chain reaction
The RT mixtures were composed of 2 µL of ReverTra ace buffer (TOYOBO, Osaka, Japan), 50 units of ReverTra Ace containing the (Moloney murine leukemia virus: M-MLV) reverse transcriptase, 1 mM of dNTPs, 20 units of RNase inhibitor (TOYOBO), and 1 µM of reverse primer. Sterilized water was added to each RT mixture to a final volume of 9 µL for extracted RNA template dissolved in water and 10 µL for the direct template. One microliter of extracted RNA template solution was added to 9 µL of RT mixture or a direct template on a syringe needle was dipped into 10 µL of RT mixture. These RT solutions were incubated at 42°C for 30 min and at 99°C for 5 min. After the RT reaction, 1.6 µL of RT product was added to 8.4 µL of PCR mixture. The PCR mixture was composed of 0.2 µM of each primer, 1 µL of reaction buffer for the KOD dash polymerase (TOYOBO), 0.25 units of KOD dash polymerase, and sterilized water to a final volume of 8.4 µL. The standard PCR reaction was performed using the following cycle parameters: an initial denaturation at 98°C for 3 min, followed by 35 cycles of denaturation at 98°C for 30 s, annealing at 62°C for 5 s, and extension at 74°C for 30 s. The final elongation step was conducted for 5 min at 74°C. The multiplex PCR reaction was conducted using the follwing cycle parameters: an initial denaturation at 98°C for 3 min, followed by 35 cycles of denaturation at 98°C for 45 s, annealing at 55°C for 30 s, and extension at 74°C for 45 s. Five microliters of RT-PCR product were separated by electrophoresis in 1.5% agarose gels and visualized under UV light after staining with ethidium bromide. RT and PCR were conducted using a program temperature control system (PC808, ASTEC, Japan).
Sequence determination
The bands visualized on agarose gels corresponding to the size of each viroid were eluted and purified using the QIAquick Gel Extraction Kit (Qiagen) according to the manufacturer's instructions. Purified nucleotides were cloned into a pGEM-T Easy Vector (Promega, USA) and introduced into Escherichia coli DH5α (TOYOBO) by heat shock and screened by blue-white selection on an LB medium containing 50 ppm ampicillin, 80 ppm 5-bromo-4-chloro-3-indoryl-β-D-galactopyranoside (X-Gal), and 0.5 mM isopropyl-β-D(−)-thiogalactopyranoside (IP-TG). The nucleotide sequence of the purified vector having the insert DNA was sequenced by a DNA sequencer (ABI 310, Applied Biosystems, USA). The sequence data were analyzed by the EMBL database.
Results
Establishment of multiplex RT-PCR
When the multiple specific primers of each viroid were used in the RT reaction as an usual method, many nonspecific bands were observed near each viroid band, which disrupts the determination of viroid detection (data not shown). Moreover, some primer combinations did not detect the CSVd or CChMVd band (data not shown). When the antisense hexamer was used in the RT reaction, nonspecific amplification was not observed in multiplex RT-PCR using primer pairs CSVC1 and CSVS1 for CSVd and CC1 and CC2 for CChMVd (Fig. 1c) . The sequences of 354 bp and 208 bp bands on agarose gel by multiplex RT-PCR agreed with the CSVd and CChMVd sequences, respectively, in the results of sequence determination (data not shown). The hexamer was better than the 10 mer primer containing two inosines for the RT reaction, because the band corresponding to CSVd was sometimes indistinct when the 10 mer primer was used (data not shown). For this reason, the hexamer was used for the following experiments.
Sensitivity of viroid detection by multiplex RT-PCR
The sensitivity of each viroid detection was compared between the multiplex RT-PCR and standard RT-PCR. After the RT reaction of diluted RNA templates with the hexamer, the bands of CSVd and CChMVd were ).
amplified by multiplex PCR or standard PCR using specific primers for each viroid. The quantity of hexamer contained in the RT mixture had no effect on the detection sensitivity of multiplex RT-PCR (Fig. 1c, d) ; thus, following experiments were conducted using 1 µM of hexamer in the RT reaction. In the detection of CSVd and CChMVd, the detection sensitivity of multiplex PCR was almost the same as that of standard PCR (Fig. 1a, b, c) .
Multiplex RT-PCR using direct templates
The established multiplex RT-PCR detected the two viroids using direct templates prepared by inserting syringe needles into various tissues of plants doubly infected with the two viroids. The bands of the two viroids were observed on agarose gels separately, when the primers CSVC1 and CSVS1 for amplification of CSVd (354 bp) and the primers CC1 and CC2 for amplification of CChMVd (208 bp) were used (Fig. 2) . No visible nonspecific amplification near the 354 bp or 208 bp was observed even when direct templates were used in the reaction. Moreover, each viroid was clearly detected by multiplex RT-PCR from single-viroid-highly infected plants and, CSVd and CChMVd bands were not observed in low-titer-infected plants (Fig. 2, lane 1-9 ). The shoot apex was the most suitable part for obtaining a direct template (Fig. 2) .
Another primer combination of CS1 and CS2 (252 bp amplified) for CSVd and the primers CC1 and CC2 (208 bp amplified) for CChMVd were also effective for multiplex viroid detection with the direct template (Fig. 3) . CSVd and CChMVd bands were not observed in low-titer-infected or viroid-free plants (Fig. 3) .
Discussion
The use of multiplex RT-PCR for the simultaneous detection of more than two viruses or viroids using a mixture of specific primer pairs (Di Serio et al., 2002; Ito et al., 2002; Levy et al., 1992; Nie and Singh, 2001; Shamloul et al., 2002) has been described. Multiplex RT-PCR has the potential to dramatically reduce the diagnostic cost by reducing the number of assays to be performed if the detection of several viroids is needed (Hadidi and Candresse, 2003) . Ito et al. (2002) successfully detected six citrus viroids using specific primers for each viroid. In general, multiple antisense primers of each virus or viroid for RT reaction limit the use of multiplex RT-PCR. The oligo (dT) primer is used as a common reverse primer for the simultaneous detection of a number of potato viruses with a poly (A) tract (Nie and Singh, 2001 ) and a number of strawberry viruses with a poly (A) tract (Thompson et al., 2003) . In our study, nonspecific amplifications occurred when multiple primers were used for the RT reaction. In contrast, using the reverse hexamer for simultaneous RT reactions of CSVd and CChMVd, few nonspecific amplifications were observed. In multiplex RT-PCR methods, several primer sets were added to the reaction mixture. Therefore, nonspecific amplification is often caused due to the complexity of the multiplex PCR system. Short primers used in the RT reaction may not act in the following PCR reaction because of their low melting temperature.
CSVd has two 5'TCCTTT3' sequences in its genomic sequence and CChMVd has one sequence. Therefore, the RT reaction can start from two positions in CSVd and from one position in CChMVd. Differences in the number of start points of the RT reaction between the two viroids had no visible effect on the sensitivity of multiplex detection of each viroid because the amplification sensitivity in the other RT primer with one start point for the RT reaction was almost the same as that of the AAAGGA hexamer (data not shown).
CSVd and CChMVd bands were amplified by PCR using an eluted DNA template with more than a 1 kb-size observed in the electrophoresis of RT products using the hexamer (Hosokawa, unpublished data) . This indicates that the RT reaction of CSVd and CChMVd produces a long antisense viroid cDNA. So, in primer design for multiplex RT-PCR, it is not necessary to consider the annealing positions of RT and PCR primers. In fact, the primed positions of the reverse primer (CSVC1: 36-55) and forward primer (CSVS1: 56-77) for the amplification of CSVd are located upstream of the [245] [246] [247] [248] [249] [250] sequence. Two different viroids were detected simultaneously in multiplex RT-PCR using the direct templates obtained by the insertion of a syringe needle into various tissues (Fig. 2) . Although it was assumed that only a very small amount of viroid molecules was obtained using a direct template, the multiplex RT-PCR was successful. The reason for the sensitive detection of the viroids from the viroid genome could be explained by the long linear cDNA produced by the RT reaction mentioned above.
Direct templates from the shoot tips were the most suitable for the detection of both viroids (Fig. 2) . This result is in agreement with the results of our previous study (Hosokawa et al., 2006) . This could be due to the low concentration of PCR inhibitors near shoot tips. A nested PCR after multiplex RT-PCR is necessary to detect viroids from low-titer infected plants. In this report, the most adequate result in detecting CSVd and CChMVd in multiplex RT-PCR with direct templates could be obtained with primer sets CS1 and CS2 for CSVd and CC1 and CC2 for CChMVd, because of the few occurrences of nonspecific bands.
Multiplex RT-PCR combined with direct-template preparation for the detection of two main viroids infecting chrysanthemum plants will reduce the cost, time, and labor required for viroid-free chrysanthemum production.
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